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Abstract: Parageobacillus thermoglucosidasius is known to catalyse the biological water gas shift (WGS)
reaction, a pathway that serves as a source of alternative energy and carbon to a wide variety
of bacteria. Despite increasing interest in this bacterium due to its ability to produce biological
hydrogen through carbon monoxide (CO) oxidation, there are no data on the effect of toxic CO gas
on its physiology. Due to its general requirement of O2, the organism is often grown aerobically to
generate biomass. Here, we show that carbon monoxide (CO) induces metabolic changes linked to
distortion of redox balance, evidenced by increased accumulation of organic acids such as acetate and
lactate. This suggests that P. thermoglucosidasius survives by expressing several alternative pathways,
including conversion of pyruvate to lactate, which balances reducing equivalents (oxidation of
NADH to NAD+), and acetyl-CoA to acetate, which directly generates energy, while CO is binding
terminal oxidases. The data also revealed clearly that P. thermoglucosidasius gained energy and grew
during the WGS reaction. Combined, the data provide critical information essential for further
development of the biotechnological potential of P. thermoglucosidasius.
Keywords: acetate; biological water gas shift reaction; carbon monoxide; lactate; Parageobacillus
thermoglucosidasius; reducing equivalents
1. Introduction
Parageobacillus thermoglucosidasius [1,2] is a facultatively anaerobic thermophile iso-
lated from diverse habitats, including soil, hot springs and plants [3]. This species is
metabolically versatile and capable of utilizing a broad range of carbohydrates, including
sugar monomers such as glucose and xylose [3–5]. The ability of P. thermoglucosidasius to
produce thermostable enzymes, its growth temperature range and metabolic versatility led
to an increased interest in its exploration for various biotechnological applications [6,7].
Previous studies have elucidated in detail the central carbon metabolism of P. ther-
moglucosidasius based on 13C-based flux [8], and qPCR and proteomics [9] under aerobic and
microaerobic growth on glucose. When the bacterium was cultured on glucose, the carbon
flux was channelled through the TCA cycle and oxidative pentose phosphate pathway un-
der high redox and through organic acids and ethanol under microaerobic conditions [8,9].
Although both studies demonstrated the glyoxylate shunt activity in P. thermoglucosidasius,
a 13C-based flux analysis [8] failed to resolve the carbon flux through this pathway under
the conditions tested. However, Loftie-Eaton et al. [9] reported down-regulation of the
glyoxylate shunt under microaerobic conditions based on the expression profiles of genes
and proteins associated with the pathway.
P. thermoglucosidasius produces biohydrogen (H2) via the water gas shift (WGS) re-
action pathway (CO + H2O→CO2 + H2 ∆GO
′
= −20 kJ/mol CO) [10]. It utilises a CO
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dehydrogenase (CODH)/hydrogen-evolving hydrogenase (HEH; Phc in P. thermoglucosida-
sius) complex to oxidise carbon monoxide (CO) to CO2 plus electrons which are used for
reducing the proton (H+) from H2O to H2 [11–14]. Thus far, no empirical evidence exists
regarding whether this group 4a hydrogenase, harboured by P. thermoglucosidasius [15],
translocates protons through the cellular membrane to generate energy. However, an ATP-
yielding transmembrane proton gradient was demonstrated in the purple non-sulphur
photosynthetic bacterium Rubrivivax gelatinosus during the WGS reaction, suggesting that
hydrogenase couples reduction of proton to proton translocation [16]. Several other mem-
bers of group 4 hydrogen-evolving hydrogenases have been reported to conserve energy
by translocating protons and sodium ions [13,17,18].
The phylogenetic and physiological diversity of hydrogenogenic carboxydotrophs
was recently reviewed by Fukuyama et al. [19]. Diverse CO-oxidizing taxa in the phyla
Firmicutes and Proteobacteria, as well as Archaea have been described with various tem-
perature adaptations, including thermophilic and mesophilic forms [19,20]. However,
most of the reported CO oxidizers belong to the phylum Firmicutes, which accounts for
about 50% of the known diversity and comprises mainly strict anaerobes [14,21,22]. Of
the various phyla potentially capable of anaerobic CO oxidation, two groups of facultative
anaerobes are of particular interest because of their potential application in oxygen-tolerant
hydrogen production systems. The first group includes marine mesophilic Proteobacteria
such as Ferrimonas futtsuensis DSM18154 [21] and Photobacterium marinum AK15 [22], whose
potential for hydrogen production is based only on genomic analyses [23]. Conversely, CO
oxidation and hydrogen production via the WGS reaction have been demonstrated in the
facultatively anaerobic P. thermoglucosidasius [14,24]. This organism grows aerobically until
O2 depletion, whereafter there is a lag phase during which biomass decreases. If CO is
supplied, H2 is produced with a concomitant increase in biomass [25].
P. thermoglucosidasius and the related Geobacillus thermodenitrificans DSM 465T and
P. toebii DSM 14590T exhibit varying degrees of tolerance to CO at a 50% CO: 50% air
ratio [10]. However, the latter two strains produced relatively less biomass (based on
OD600), suggesting less tolerance relative to P. thermoglucosidasius. Inferences from these
comparisons are, however, limited due to the lack of appropriate controls without CO.
Despite the assumption of CO tolerance, previous studies revealed that at higher CO
concentration, the growth of P. thermoglucosidasius was greatly impaired [25].
In spite of its ability to oxidise CO, to date, initial growth of the organism to sufficient
biomass is only achievable by growing it aerobically and providing organic substrates
(e.g., glucose), resulting in an extended lag-phase before the start of the WGS reaction [25].
Therefore, further strategies for improving the WGS reaction in P. thermoglucosidasius,
whether via optimizing growth parameters or genetic manipulations, require the under-
standing of the physiological consequences of growth in the presence of CO plus organic
substrates. Here, physiological changes induced by CO and its implication on growth
and energetics of the carboxydotroph P. thermoglucosidasius DSM 6285 were evaluated in
bioassays combined with GC and HPLC analyses of the gases and selected metabolites. To
the best of our knowledge, no previous studies on the effects of CO on the metabolism of P.
thermoglucosidasius have been published.
2. Materials and Methods
2.1. Strain, Media and Growth Condition
P. thermoglucosidasius DSM 6285, obtained from DSMZ Germany, is maintained as a
glycerol stock stored in a freezer at −80 ◦C. The strain was revived in a modified Luria–
Bertani (mLB) medium comprising 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl,
1.25 mL/L of 10 g/L NaOH and 1 mL/L of each of the filter-sterilized stock solutions
nitrilotriacetic acid (1.05 M), MgSO4·7H2O (0.59 M), CaCl2·2H2O (0.91 M) and FeSO4·7H2O
(0.04 M). A pre-culture was grown for 14 h in a 100 mL shake flask containing 20 mL mLB
medium inoculated with 10 µL of the glycerol stock and incubated at 60 ◦C and 120 rpm
in Infors Thermotron, Switzerland. Cultivations were conducted in 250 mL serum bottles
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sealed with a rubber stopper (top: 18 mm, bottom 14 mm and height 20 mm, Rotilabo ®,
Carl Roth, Karlsruhe, Germany). The bottle contains the ASM medium as previously
described [24,25] with the following modifications. The ASM medium was supplemented
per litre with 1 g glucose, 0.02 mM biotin (Carl Roth, Karlsruhe, Germany), 20 mL MEM
amino acids solution (50×), 10 mL MEM non-essential amino acids solution (100×) and
10 mL MEM vitamin solution (100x; Thermo Scientific, Schwerte, Germany).
The headspace in each serum bottle was initially reconstituted to 100% N2 atmosphere.
To test the effects of carbon monoxide (CO) on growth of the bacterium, the initial CO
composition in the headspace was set at ~0:100, 25:75, 50:50, 75:25, 100:0 CO to N2 ratios.
Due to the O2 requirement for the initial growth of P. thermoglucosidasius [6], ~1.3 to
1.4 mmol (40 mL at 1 bar pressure) of O2 was injected in each bottle prior to the start of
the experiments. The pre-culture was used to inoculate the bottles at an initial absorbance
(OD600) of 0.1. All cultures were grown at 60 ◦C on a rotary shaker at 120 rpm in triplicate
(representing three distinct biological replicates) for a duration of 78 h. One endpoint
sample was collected after 152 h.
2.2. Sampling and Analytics
Approximately, 3 mL of the headspace was sampled at each time point and analysed
using a 300 Micro GC gas analyser (Inficon, Switzerland) connected with Molsieve columns
and PLOT Q for data acquisition). Calculation of the gas composition was based on the
ideal gas law as previously described [24,25]. The pressure was determined before and after
the gas measurements using a manometer (GDH 14 AN, Greisinger electronic, Regenstauf,
Germany). A liquid sample (1 mL) was collected at each sampling time for growth and
subsequent HPCL analysis. The absorbance (OD600) and pH were measured using the
Ultrospec 1100 pro spectrophotometer (Amersham Biosciences, Uppsala, Sweden) and
Profilab pH 597 (Xylem Analytics, Weilheim, Germany).
Seven end-products of central carbon metabolism, namely, acetate, ethanol, formate,
fumarate, glyoxylate, lactate, and succinate were monitored over 0.1–1.0 g/L concentration
ranges using HPLC. Thawed supernatant (previously stored at−20 ◦C) of selected samples
were filtered using a nylon filter (0.22 µm, Carl Roth, Karlsruhe, Germany) and 100 µL
of each was dispensed in 1.5 mL HPLC autosampler vials fitted with micro-inserts. The
samples were analysed using an Agilent 1100 series HPLC system (Agilent Technologies,
Waldbronn, Germany) connected to a wavelength detector and refractive index detector
with a 50 mm long pre-column (model Rezex ROA-Organic Acid H+ (8%) Guard Column)
and a 300 mm long separation column (model Rezex ROA-Organic Acid H+ (8%). Analyses
were performed using 5 mM H2SO4 mobile phase, 50 ◦C column temperature, 0.5 mL/min
flow rate for 40 min per sample and injection volume of 10 µL. Chemstation (Agilent
Technologies) was used for data acquisition and data handling.
All datasets were summarised using Microsoft Excel and figures plotted using Origin-
Pro 2021 9.8.0.200 (Academic).
3. Results
3.1. Carbon Monoxide Enhances Growth of P. thermoglucosidasius DSM 6285
To examine the effects of carbon monoxide on growth and biological WGS reaction,
Parageobacillus thermoglucosidasius DSM 6285 was exposed to atmospheres containing differ-
ent concentrations of CO (~0, 25, 50, 75 and 100%) in serum bottles. Because the bacterium
is unculturable directly on CO as single carbon source, the media and headspace contained
1 g/L glucose and additionally, ~1.2 to 1.4 mmol of O2, respectively. Cultivation of P.
thermoglucosidasius in an atmosphere devoid of CO showed that the strain grew rapidly
to a maximum absorbance (OD600) of 0.62 after ~10 h (Figure 1), which corresponded to
the point at which the lowest pH value of 5.81 was observed. This was followed by a
rapid decline in the absorbance over the rest of the experiment as the O2 level dropped
to a minimum value of 0.11 mmol. Since no CO was added, no H2 was detected under
this condition. By contrast, cultivation of the strain in an atmosphere containing 25, 50,
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75 or 100% of CO showed varying patterns of growth, differences in the duration of the
WGS reaction lag-phase and H2 yield. Under ~25% CO atmosphere, the strain showed
a similar growth pattern as the 0% CO cultures (Figure 1) within the first few hours of
cultivation (Figure 2a), reaching an OD600 value of 0.58 at ~8.29 h. Unlike in the ~0%
CO cultures (Figure 1), the absorbance for the strain growing under ~25% CO showed a
marginal decrease before reaching a similar maximum OD600 value of 0.62 around 24.11 h
post-inoculation. Prior to the commencement of the WGS reaction, the absorbance dropped
and then increased to a stable value until the end of the experiment, suggesting that the
presence of CO influenced the growth of the organism during the WGS reaction lag-phase.
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Figure 2. Gas composition and growth of P. thermoglucosidasius DSM 6285 cultivated under (a) ~25% and (b) ~50% carbon
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Cultivation of the strain under ~50% CO provides greater contrast regarding the effect
of CO on the WGS reaction lag-phase (Figure 2b). The absorbance values suggest the
presence of multiple growth phases involving initial rapid increase to an OD600 value of
0.50 around 8.50 h post-inoculation, corresponding to the point at which the lowest pH
value of 5.53 was observed. The next phase occurred when the pH of the medium increased
again and the OD600 value increased to 0.59 around 10.50 h. Notably, the absorbance
stabilized until WGS started and then reached a maximum OD600 value of 0.78 around
48 h. The absorbance only declined with the complete depletion of CO, suggesting that the
bacterium gained energy and possibly carbon for growth via the WGS reaction. The growth
of the bacterium at ~75 and 100% CO (Figure 3) atmospheres shares the general trend
observed for the ~50% CO cultures with the exception that in both treatments the observed
OD600 values were consistently lower than those observed in the ~50% CO cultures during
the WGS reaction phase. A notable difference was that, at ~100% CO atmosphere, there
was a pronounced extension in WGS reaction lag-phase, which started at around 59 h
post-inoculation (Figure 3b), suggesting the occurrence of critical CO-induced metabolic
changes during this stage of growth. By contrast, the duration of this lag-phase was ~34 h
for each of the ~25, 50 and 75% CO cultures (Figures 2a,b and 3a). Despite these differences,
the bacteria completely utilized the various amounts of CO in the headspace to produce
H2 and CO2 (Figures 2a,b and 3a,b).
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Figure 3. Gas composition and growth of P. thermoglucosidasius DSM 6285 cultivated under (a) ~75% and (b) ~100% carbon
monoxide atmosphere. The strain was grown in stoppered 250 mL serum bottles containing 50 mL of modified ASM
medium and an initial O2 concentration of ~1.2 to 1.4 mmol (40 mL at 1 bar pressure). Reported values represent means of
triplicate experiments ± standard deviation.
3.2. P. thermoglucosidasius DSM 6285 Cope with Carbon Monoxide by Rerouting
Metabolic Intermediates
To gain further insight into the observed influence of CO on the growth of P. thermoglu-
cosidasius DSM 6285, the sup rnatants c llected over the c urse of the cultivation were
examined for various metabolit s. For cultures exposed to an atmosphere prising ~25,
50, 75 an 100% CO, the glucose (used as organic carbon source) was c mpletely utilized
around 10 h post-inoculation, with minor differences observed among measurements for
these conditions (Figure 4a). Conversely, ~25% of the glucose was present at the same time
(around 10 h) in cultures growing without CO, suggesting that CO enhanced the utilization
of glucose. However, the detected difference in glucose concentration is not immediately
apparent from the absorbance data as the 0% CO cultures show similar OD600 values to
those of the CO-treated cultures (Figure 4b). Similarly, the trend in O2 concentration, which
provides a measure of aerobic respiration, did not vary greatly among the treatments.
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Figure 4. Growth of P. thermoglucosidasius DSM 6285 under different initial carbon monoxide atmospheres. (a) Concentrations
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the duration of cultivation. Reported values represent means of triplicate experiments ± standard deviation. CO, glucose,
OD600 and O2 are shown in red, blue, dark yellow and grey colours, respectively.
Metabolite analysis further revealed higher concentrations of acetate ranging between
0.24 to 0.31 g/L in CO-treated cultures compared to 0.18 g/L in cultures without CO
(Figure 5a). Additionally, the data suggest that the presence of CO induces a more rapid
production of acetate in the former cultures regardless of the CO concentration. Similarly,
there were higher concentrations of lactate in CO-grown cultures relative to the 0% CO
cultures (Figure 5b). A maximum of 0.12 g/L of lactate was produced at ~11-h post-
inoculation in the cultures without CO compared to a maximum range of 0.46–0.78 g/L in
the CO-treated bottles. In contrast to acetate, CO induction of lactate production evidently
depends on the CO concentration. For instance, at ~7 h post-inoculation, the concentration
of lactate was at the maximum value of 0.78 g/L in ~100% CO cultures, compared to
0.71, 0.41 and 0.19 for cultures grown under 75, 50 and ~25% CO atmosphere, respectively.
Combined, the increased production of acetate and lactate suggests that CO induces the
rerouting of metabolites, likely from pyruvate to organic acids (Figure 6; to be discussed
further). It could be deduced that the extended duration of the WGS reaction lag-phase
in the ~100% CO-grown cultures may be connected to the accumulation of these acids
at higher concentrations. Remarkably, prior to the start of CO oxidation, lactate was
completely consumed in all cultures irrespective of the CO concentration. In contrast, some
amount of acetate persisted throughout the cultivation period.
HPLC metabolite quantification also revealed that in addition to the above-mentioned
organic acids, P. thermoglucosidasius DSM 6285 produced succinate (Figure 7a), presumably
via the glyoxylate shunt (Figure 6), evident by the corresponding turnover of glyoxylate
(Figure 7b). The concentrations of succinate ranged between a maximum of 0.34 g/L and
0.17 g/L in ~25% CO and 0% CO conditions, respectively, and increased progressively over
the course of the cultivation. The HPLC analysis did not detect fumarate, indicating that
succinate accumulated as a metabolic end-product. In contrast, the amounts of glyoxylate,
which reached a peak range of 0.08–0.26 g/L between 6- and 10-h, dropped to values below
0.05 g/L after 24 h in all cultures, suggesting removal via malate synthesis. The current
analysis, however, did not include malate. The concentration of glyoxylate decreases with
increases in CO concentration for all CO-treated cultures. However, the ~25% CO-treated
culture gave a higher maximum glyoxylate concentration of 0.26 g/L than that of the
0% CO control (0.18 g/L). Two other compounds, ethanol and formate had maximum
concentrations (<0.1 g/L) bordering the detection limit of the applied HPLC method and
hence these have not been reported in the current work.
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Figure 7. Concentrations of (a) succinate and (b) glyoxylate during growth of P. thermoglucosidasius DSM 6285 under
different initial carbon monoxide atmospheres (0, 25, 50, 75 and 100% CO). Glyoxylate reached maximum concentration
at ~10 h when ~50% of the initial O2 was consumed while succinate accumulates during the cultivation. Reported values
represent means of triplicate experiments ± standard deviation.
4. Discussion
Various available metabolic models and fluxes [8,27–29] as well as transcript and pro-
teomic analyses [9,26] of different P. thermoglucosidasius strains have predicted or demon-
strated the presence of genes and proteins involved in the complete metabolism of glucose
to generate energy and biomass via both the TCA and glyoxylate cycles as well as through
various fermentative pathways. Similarly, the basis of the WGS reaction in this bacterium
has been demonstrated [10,14,25]. Here, the carboxydotroph P. thermoglucosidasius DSM
6285 was grown under different CO concentrations to further elucidate the mechanism of
CO adaptation.
In contrast to strict anaerobic thermophile such as Carboxydothermus hydrogenofor-
mans [30], the facultatively anaerobic P. thermoglucosidasius is incapable of using CO as sole
carbon source. In our experiments, we observed that after the initial aerobic growth on
glucose a subsequent fermentative rerouting of carbon fluxes occurred, and all cultures
ultimately attained similar absorbance values. However, the OD600 of the cultures growing
without CO continued to decline with the depletion of glucose and oxygen (Figure 4),
whereas all cultures growing on CO showed a clear increase in absorbance regardless
of CO concentration, indicating that the WGS reaction commenced (Figure 4b). In all
instances, growth only ceases after the complete consumption of CO (Figures 1–3). These
observations suggest that, in addition to oxidizing CO to produce hydrogen [10,19], the
WGS reaction in P. thermoglucosidasius is coupled to both energy conservation similar to
the WGS reaction in Rubrivivax gelatinosus [16] and carbon assimilation into biomass. Fur-
ther work is, however, necessary to determine the exact source and mechanism of carbon
assimilation observed during the WGS reaction conditions.
Various life forms, including bacteria, show a wide range of physiological responses
to CO. The gas either interferes with central metabolic pathways resulting in deprivation
of energy and suppression of immune response or serves as sole or alternative source of
energy and/or carbon [31]. P. thermoglucosidasius oxidises CO strictly under anaerobic
conditions [10], which implies that during initial aerobic growth, the bacterium had to cope
with the toxicity of CO to its terminal oxidases.
Key reactions of the TCA/glyoxylate bypass generating reducing equivalents for
oxidative phosphorylation in P. thermoglucosidasius include the reactions that produce oxog-
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lutarate (NADPH), succinyl-CoA (NADH), fumarate (quinol) and oxaloacetate (quinol and
NADH) catalysed by isocitrate dehydrogenase, 2-oxoglutarate dehydrogenase, succinate
dehydrogenase and malate: quinone oxidoreductase/malate dehydrogenase, respectively
(Figure 6). Electrons from reactions catalysed by the latter two membrane-bound en-
zymes [32,33] are donated to electron transfer chains in the form of quinones [34]. The
observed increased production of acetate and lactate with increasing CO concentration
(Figure 5) indicates a diversion of the reducing equivalents away from terminal oxidases.
This suggests that the terminal oxidases in P. thermoglucosidasius are sensitive to CO, which,
depending on the degree of stability of the complexes formed between gaseous substrates
and respiratory oxidases [35,36], leads to a backlog of reducing equivalents. Instructively,
the results indicate that the bacterium employs several strategies to cope with CO. Ferment-
ing pyruvate to lactate immediately reduces the backlog of NADH, while the final step of
acetate production catalysed by acetate kinase generates ATP that may offset the shortfall
created by the effects of CO on the activity in the terminal oxidases. Previous studies
have reported the redirection of carbon flux to accumulate acetate and lactate as a strategy
used by P. thermoglucosidasius during transition from high to low redox conditions [8,9]. In
addition, lactate production from pyruvate is a well-known strategy for rebalancing the
pool of NAD+/NADH during bacterial growth on glucose [37].
In Bacillus subtilis, aerobic oxidation of lactate is catalysed by membrane bound iron-
sulphur-containing lactate utilizing proteins (LutA-C) with oxygen serving as the terminal
electron acceptor [38]. The draft genome of P. thermoglucosidasius harbours putative LutA-C
protein complex genes, DV713_RS05720-30 (NZ_QQOK01000006.1: 86813-89694), which
may serve as the pathway for the observed lactate utilization in the latter strain. Under
CO-induced imbalance in redox potential, P. thermoglucosidasius therefore likely employs
a system whereby NADH is oxidised to NAD+ via lactate production and the LutA-C
complex subsequently catalyses the utilization of this lactate. Additionally, NADH is also
oxidised via conversion of acetyl-CoA to ethanol, a reaction which is also discernible from
the current results despite the trace amount of ethanol detected.
Similarly, acetate accumulation may provide an additional means of offsetting the
redox imbalance [39,40] induced by CO and provides the organism with energy in the
form of ATP [41,42]. In contrast to lactate, the recycling of acetate back to acetyl-CoA
by acetyl-CoA synthetase (ACS) requires ATP [43,44], suggesting that the reassimilation
of all acetate may result in zero net ATP but may provide an additional carbon source
for growth. Expression of ACS encoding transcripts have been previously reported in
P. thermoglucosidasius DSM 6285 over a relatively similar growth phase (microaerobic) in
which acetate consumption was observed [26]. However, only a proportion of the acetate
was channelled back into the central carbon metabolism owing to the requirement of energy
for the reaction.
In the study presented here, no pyruvate and acetyl-CoA were quantified, which
would have allowed direct conclusion about the distribution of metabolites between the
TCA cycle and the glyoxylate shunt (GS). However, based on the observed production
of glyoxylate and succinate, it can be assumed that a carbon flux via the GS occurred
(Figures 6 and 7a,b). Ferrying metabolites into the GS serves to prevent loss of carbon flux
from 2-C compounds like acetyl-CoA by the CO2-producing steps of the TCA cycle and rep-
resents a major strategy when bacteria grow on 2-carbon substrates such as acetate [45,46].
Induction of GS has been reported in response to stresses, including oxidative [46–49] and
antibiotic stress [50] in various microorganisms. The current data, however, suggest a
negative effect of CO on the GS, evidenced by the decrease in glyoxylate concentration with
increasing concentrations of CO. Strong suppression of GS has previously been reported
under microaerobic conditions in P. thermoglucosidasius [9].
Whereas glyoxylate undergoes condensation with acetyl-CoA, as marked by the gen-
eral decline in its concentration (Figures 6 and 7a,b), succinate accumulates in both the
presence and absence of CO (Figures 6 and 7a,b). Accumulation of succinate in cultures
grown without CO is surprising since previous proteomics studies reported the expres-
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sion of the succinate dehydrogenase enzyme complex, which catalyses the conversion of
succinate to fumarate in P. thermoglucosidasius [9]. As mentioned above, no extracellular
fumarate was detected in the current study. Intracellular metabolites should therefore
be considered in future studies. However, accumulation of succinate, especially in the
CO-treated cultures, could be a strategy whereby the organism generates some ATP via the
conversion of succinyl-CoA to succinate (Figure 6). Conceivably, succinate could have orig-
inated via both the GS and the complete TCA cycle depending on the CO levels. However,
both the GS and the TCA cycle rely on the same key enzymes, isocitrate lyase and isocitrate
dehydrogenase, and would therefore compete for the same substrate, isocitrate. The latter
was reported to be upregulated at the protein level in P. thermoglucosidasius growing under
microaerobic condition [9]. Nevertheless, succinate is an important substrate for several
industrial applications [51] and therefore, these pathways may be optimized or engineered
for its production.
5. Conclusions
In this study, we aimed to elucidate the effect of carbon monoxide on growth and
carbon metabolism of P. thermoglucosidasius by exposing this carboxydotroph to atmo-
spheres containing different concentrations of CO and tracing end products of the central
carbon metabolism. The organism showed robust physiological versatility that allows it
to circumvent the toxicity of CO on the terminal oxidases and the resultant perturbation
of redox potential. P. thermoglucosidasius appears to cope by diverting the carbon flux
through organic acids and other products which reduce the backlog of reducing equiva-
lents and possibly generate energy. Additionally, the results indicate that the organism
generates energy and potentially carbon via the WGS reaction. In summary, this study
has further elucidated the metabolic mechanisms of P. thermoglucosidasius, which may
enhance the development of strategies to improve the production of biohydrogen and
other important by-products such as succinate, either by optimizing the redox balance or
by metabolic engineering.
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